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Abstract:
We investigate the electroweak precision constraints on the recently proposed Lee-Wick
Standard Model at tree level. We analyze low energy, Z-pole (LEP1/SLC) and LEP2 data
separately. We derive the exact tree level low energy and Z-pole effective Lagrangians
from both the auxiliary field and higher derivative formulation of the theory. For the
LEP2 data we use the fact that the Lee-Wick Standard Model belongs to the class of
models that assumes a so-called‘universal’ form which can be described by seven oblique
parameters at leading order in m2W/M
2
1,2. At tree level we find that Y = −m2W/M21
and W = −m2W/M22 , where the negative sign is due to the presence of the negative
norm states. All other oblique parameters (Sˆ, X) and (Tˆ , Uˆ , V ) are found to be zero.
In a separate addendum we show how our results differ from previous investigations,
where contact terms, which are found to be of leading order, have been neglected. The
LEP1/SLC constraints are slightly stronger than LEP2 and much stronger than the low
energy ones. The LEP1/SLC results exclude gauge boson masses of M1 ≃ M2 ∼ 3TeV
at the 99% confidence level. Somewhat lower masses are possible when one of the masses
assumes a large value. Loop corrections to the electroweak observables are suppressed by
the standard ∼ 1/(4π)2 factor and are therefore not expected to change the constraints
onM1 andM2. This assertion is most transparent from the higher derivative formulation
of the theory.
∗Thomas.E.J.Underwood@mpi-hd.mpg.de
†Roman.Zwicky@durham.ac.uk
1 Introduction
In 1970 Lee and Wick (LW) proposed a finite theory of QED [1, 2]. Just over a year ago,
Grinstein, O’Connell and Wise (GOW) [3] extended those ideas to non-Abelian gauge
theories and chiral fermions and constructed a Lee-Wick Standard Model (LWSM). The
essence of the work by LW was to introduce Pauli-Villars, wrong-sign propagator, fields as
physical degrees of freedom. Since the interaction terms only contain certain combinations
of fields and ghost fields, the latter can be integrated out at the cost of introducing higher
derivative (HD) interactions. The new degrees of freedom lead to amplitudes which are
better behaved in the ultraviolet and render the logarithmically divergent QED finite. It
was shown by GOW [3] that the LWSM is free from quadratic divergences and therefore
provides a possible solution to the ‘hierarchy problem’. It was also shown that the addition
of very heavy right handed neutrinos, in the context of the see-saw mechanism, does not
destabilize the Higgs mass [4].
The introduction of the Pauli-Villars wrong sign states brings into question basic con-
cepts such as causality and unitarity. These issues were investigated in some detail in the
1970’s and some results are summarized in the Erice Lectures of Lee [5] and Coleman [6].
In reference [6] it is illustrated that the wrong sign of the width compensates for the wrong
sign in the propagator to ensure unitarity in a simple s-channel process. The wrong sign
of the width in turn implies that poles will move into the physical sheet which demands a
new contour prescription [7]. The modification of the contour might bring into question
Lorentz invariance, c.f. references [8] for criticism and [9] for a response. In summary,
the current status is that there are no known examples in perturbation theory which
are in conflict with unitarity when applying the contour modification of [7] and acausal
phenomena arises only at scales which are not accessible to current experiments. The
phenomenon of causality was reconsidered only very recently in an O(N) model [10]. The
authors investigate the large N limit, where the theory is described by a single one-loop
bubble, and obtain a unitary and Lorentz invariant scattering amplitude. Furthermore,
a non-perturbative definition through the path integral via the contour deformation [7]
does not seem to be straightforward or conclusive [11]. A higher derivative version of the
LW Higgs sector was used for lattice field theory [12, 13]. This is of great interest because
it can smooth cut-off dependences. As stated in reference [12] this does not really clarify
the issue in Minkowski space since an analytic continuation is prevented by the complex
ghost poles. A path integral approach with test functions was recently proposed [14],
from where the contour prescription can be derived.
Following the proposal of the LWSM several phenomenological investigations have
been pursued. The low Higgs mass discovery channel gg → h0 → γγ was found to be
moderately positively enhanced, 5-20% for the top LW at 0.5-1TeV [18]. It is a curious
fact, or a rather unique signature of the ghost fields, that the CKM elements |Vtx| are
accompanied by an enhancement factor (1+(mt/MLW)
2/2) which can lead to |Vtx| & 1 at
the few percent level [18]. Flavour changing neutral currents induced by integrating out
heavy LW fermions have been found to give acceptably small contributions for a LW mass
1
scale MLW ∼ 1TeV[15]. LW gauge bosons were found to lead to possible signatures of a
unique nature both at the LHC in dijet channels [16] and in cross-sections and left-right
asymmetries in Bhabba scattering at linear colliders [17].
Aspects of LW gauge theories unrelated to the LWSM have also found attention.
The running of a non-Abelian LW theory coupled to a scalar field was investigated in
[19], where it was found that the gauge coupling runs faster than in an ordinary gauge
theory. It was also shown that massive LW gauge bosons do not require a Higgs degree
of freedom to unitarize amplitudes at high energy [20]. This is because the formulation is
gauge invariant without a Higgs field and corresponding Ward identities assure a moderate
growth at high energy. Abelian and non-Abelian LW gauge theories have also been to
shown to give rise to chiral symmetry breaking [21]. Moreover it has been suggested that
gravitational 1-loop corrections may lead to the appearance of a Lee-Wick photon [22].
This effect has recently also been studied in the context of large extra dimensions [23].
In this paper we analyse the constraints on the LWSM gauge boson sector coming
from low energy, Z-pole and LEP-2 data. We will work at tree level, an approximation
justified as we do not see any reason for loop corrections to compete with tree level
contributions relieving the ∼ 1/(4π)2 hierarchy. Even though we find that among the
three symmetry classes of the oblique parameters two are vanishing at tree level, it is not
necessary to calculate the loop contributions to those parameters as the seven oblique
parameters all have similar experimental constraints and are typically of the same order
when no symmetry is protecting them. Possibly an exception to this rule is the breaking
of custodial symmetry at loop level due to the mass splitting of the third family. This
contributes to the rho parameter as ∆ρ∗(0) = αT = Tˆ . It is well known that the
dominant correction to the rho parameter in the SM is due to fermion loops and is given
by ∆ρ∗(0)
SM ≃ GFm2t/(8π2
√
2) ≃ 10−2 e.g. [36]. An easy way to obtain a crude estimate
of this contribution in LWSM is to take a look at the HD formulation,
∆ˆ(p) =
1
p2 − p4/M2LW −m2
, SˆF (p) =
/p
(
1− p2
M2
LW
)
+m
p2(1− p2
M2
LW
)2 −m2 . (1)
indicating a contribution to the rho parameter |∆ρ∗(0)LWSM| ∼ O(1) 10−2(mt/MLW)2, up
to further logarithmic corrections. From the constraint |∆ρ∗(0)| < 10−3 [25] one could
then deduce limits on mt˜.
We feel obliged to comment on other papers that have investigated electroweak pre-
cision constraints on the LWSM [24, 41]. Our results differ conceptually from theirs by
including effects of contact terms. The latter are found to be of leading order and are
therefore necessary ingredient to a consistent analysis. Further details about this relation
can be found in a separate addendum to this paper. We would like to mention that
our results for the oblique parameters, which rely on an expansion in m2W,Z/M
2
new are
backed-up by an exact treatment of the tree level low-energy and Z-pole Lagrangians.
Further comments and more details on the origin of these discrepancies can be found in
an addendum at the end of this paper.
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We would also like to make some comments on observables which we have omitted
in this paper. For instance one of the LWSM contributions to the anomalous magnetic
moment of the muon, (g−2)µ is given by Schwinger’s vertex correction where the photon
is replaced by the Lee-Wick photon. The form of the propagators in the LWSM suggests
that this contribution is suppressed with respect to the corresponding SM contribution
by a factor (mµ/M1)
2 ∼ 10−8, with M1 ∼ 1TeV according to the high energy constraints
investigated in this paper. This value is about two orders of magnitude too low to explain
the difference between theory and experiment. Notice that the situation is rather different
to the MSSM, for example, because the contraints on the scale analogous toM1 are not so
tight there since tree level constraints from other precision data are absent. The MSSM
contribution is also sensitive to enhancements by factors of tanβ. The contributions to
the rate for b → sγ would be interesting to study. The dominant contribution is due to
penguins with top loops and we would therefore expect to either obtain constraints on
the LW fermion mass scale or better agreement between experiment and theory.
We refrain from reviewing the LWSM itself in more detail and refer instead to the
original paper [3] and our own paper in connection with the matrix notation for the LW
generations [18]. The paper is organized as follows. In section 2 we analyse the electroweak
sector of the LWSM. We derive the low energy effective Lagrangian at tree level in the
auxiliary field and the HD formulation in subsection 2.1. The effective Lagrangian relevant
to data collected at the Z-pole is derived in section 2.2 in both formalisms. The LEP-2
data is assessed via the oblique approximation in section 2.3, where we also rederive the
results of the previous section in the oblique approximation. In section 3 we relate the
parameters of the effective Lagrangian to the observables and detail the sources of our
experimental input and procedures. Concluding remarks can be found in section 4.
Details of the gauge boson propagators in the higher derivative formalism are given in
appendix A. Some exact results for diagonalization of the gauge boson mass matrices, for
the case where the SU(2)L and U(1)Y LW extensions are degenerate in their mass scale
M1 =M2, are given in appendix B.
Throughout the paper we neglect terms of the order of mfm
′
f/M
2
LW, where the f is
any fermion other than the top quark. In particular, this implies that we are allowed to
omit contributions from longitudinal components of gauge bosons O(pµpν) and neglect
diagonalization of mass matrices in the fermion sector (although this was outlined in [18]).
2 Effective Lagrangians for electroweak constraints
The low energy effective Lagrangian, Z-pole observables and the constraints from LEP-2
are investigated in sections 2.1, 2.2, 2.3 respectively. The low energy Lagrangian is rather
straightforward whereas the exact Z-pole effective Lagrangian demands the diagonaliza-
tion of the Z-boson sector. In the LEP-2 section we will exploit the fact that the LWSM
belongs to the class of “universal” Lagrangians which allow the parameterization of the
leading electroweak corrections in terms of seven oblique parameters (S, T, U, V,W,X, Y ).
By leading we mean to first order in m2W/M
2 where M is the mass scale of the LW gauge
3
bosons. We will rederive all the results of the previous sections in this approximation.
The reader who is familiar with electroweak precision data and the formalisms used to
constrain it can directly go to section 2.3 with the additional information that among the
three best measured parameters [25],
mZ,ph = 91.1876(21)GeV ,
α(mZ,ph) =
1
127.918(18)
,
GF = 1.16637(1) · 10−5GeV2 , (2)
only mZ,ph receives corrections. This implies a correction to the Weinberg angle.
2.1 Low energy effective Lagrangian
The low energy effective electroweak Lagrangian can be parametrised as
LeffEW = −
4GF√
2
(
J+ ·J− + ρ∗(0)J2nc
)
+ CQJ
2
Q , (3)
with
Jµ± = (J1 ± iJ2)µ , Jµnc ≡ (J3 − s2∗(0)JQ)µ . (4)
in terms of four parameters
plow ≡ [ρ∗(0), s2∗(0), GF , CQ] , (5)
which assume the values
(plow)SM = [1, sin(θW )
2,
1√
2v2
, 0] , (6)
in the SM. In the following two subsections we will derive the values of the four low energy
parameters in the LWSM using both the auxiliary field and the higher derivative (HD)
formalisms.
2.1.1 Auxiliary field formalism
The low energy effective Lagrangian can be derived in the auxilliary field picture by
integrating out the heavy gauge degrees of freedom (i.e. all gauge fields except for the
photon). To do this in an efficient manner the matrix formalism introduced in reference
[18] is extended to the gauge boson current sector, 1
LEW = −J a⊤ ·Wa −J 0⊤ ·B + 1
2
Wa µ⊤MW η2Waµ +
1
2
Bµ⊤MB η4 Bµ + . . . , (7)
1Contributions from unphysical Higgs bosons and terms of the O(pµpν) are suppressed at least by a
factor of mfmf ′/m
2
W and we shall neglect them here and thereafter in connection with the low energy
observables.
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with
J a⊤µ = g2
(
J, J
)a
µ
, J 0⊤µ =
(
g1J
Y , g2J
3, g1J
Y , g2J
3
)
µ
,
Wa⊤µ =
(
W, W˜
)a
µ
, B⊤µ =
(
B, W 3, B˜, W˜ 3
)
µ
, (8)
where Jaµ and J
Y
µ are the appropriate fermion currents, MB and MW are the neutral
and charged gauge boson mass matrices, η2 = diag(1,−1), η4 = diag(1, 1,−1,−1) and
a = {1, 2}. The dots refer to cubic and quartic couplings between the gauge bosons. For
MB and MW we have
MB η4 =
(
MSM MSM
MSM MSM −M12
)
, MSM =
v2
4
(
g21 −g1 g2
−g1 g2 g22
)
,
MW η2 = 1
4
(
g22 v
2 g22 v
2
g22 v
2 g22 v
2 − 4M22
)
, M12 =
(
M21 0
0 M22
)
. (9)
The charged current sector is straightforward. Integrating out the charged gauge
bosons at tree level is equivalent to applying the equation of motions (eom)
Waµ =
(MW η2)−1 J aµ , (10)
for the Waµ fields.
The neutral sector is more involved because the massless photon has to be decoupled
in order to invert the mass matrix. This is easily done using the transformation B → S B′
where S η4 S
† η4 = I and
S =
(
RW 02
02 I2
)
with RW =
(
c −s
s c
)
, (11)
and
s ≡ sin θW , c ≡ cos θW , t ≡ tan θW ≡ g1/g2 . (12)
It is straightforward to verify that S⊤MBη4 S is block-diagonal with one zero eigenvalue.
Denoting the projection of the primed currents and mass matrices on the heavy gauge
boson subspace by a double prime, the neutral gauge boson Lagrangian reads
L = −J 0′′ ⊤ ·B′′ + 1
2
B′′ µ⊤M′′B η3 B′′µ − eA·JQ , (13)
where e ≡ g2s,
B′′⊤µ =
(
cW 3 − sB, B˜, W˜ 3)
µ
, J 0′′⊤µ = e
(
c
s
J3 − s
c
JY ,
1
c
JY ,
1
s
J3
)
µ
, (14)
and
M′′B η3 = m2Z
 1 −s c−s s2 − x1 −s c
c −s c c2 − x2
 , (15)
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where η3 = diag(1,−1,−1) and
xi ≡ M
2
i
m2Z
, m2Z ≡
e2v2
4s2c2
, (16)
are notations frequently used throughout the paper.
The massive neutral gauge bosons may be integrated out by substituting the following
expression obtained from the eom for B′′µ into Eq. (13), i.e.
B′′µ =
(M′′B η3)−1J 0′′µ . (17)
After some algebra, the electroweak low-energy effective Lagrangian can now be written
down
LeffEW = − eA·JQ −
2
v2
(
J+ ·J− +
(
J3 − s2JQ
)2)
+
e2
2
( c2
M21
+
s2
M22
)
J2Q . (18)
By comparing Eq. (18) with Eq. (3) we can read off expressions for the the Fermi constant
GF and the parameters ρ∗(0), s
2
∗(0) and CQ
2
GF =
1√
2 v2
, ρ∗(0) = 1 , s
2
∗(0) = s
2 , CQ =
e2
2
( c2
M21
+
s2
M22
)
. (19)
Note that the electromagnetic coupling 4πα = e2 is not affected since the photon cannot
be integrated out. The coefficient CQ cannot be seen at low energies anticipating the
LW gauge boson masses to be around Mi ∼ 1TeV, because it is shielded by the photon
background by a very small factor sc.m./M
2
i . The scale sc.m. refers to data points in
e+e− → hadrons [25] and sc.m. ≪ m2Z as otherwise the effective description breaks down.
The CQ term corresponds to a contact term originating from the massive LW photon.
We already want to point out at this stage that the low energy observables will receive
corrections through s due to a shift in mZ,ph, which we will derive in the next chapter.
2.1.2 Higher derivative formalism
In order to derive the low energy effective Lagrangian in the higher derivative picture we
need the W and Z propagators in this formalism. The coupling of the gauge bosons is
identical to the SM, up to corrections of the type ∂2/M2LW , which are irrelevant at low
energy. The SM gauge boson current Lagrangian is given by
L = − g2√
2
(W+ ·J+ +W− ·J−)− g2
c
Z ·Jnc − eA·JQ , (20)
where W± = (W 1 ± iW 2)/√2 and the currents have been defined in Eq. (4). It is rather
straightforward to show that the HD propagator assumes the following form
DˆWµν(p
2) = DˆW (p2)
(
− gµν + pµpνfWpp
)
, DW (p2) =
i
p2 −m2W − p4/M22
, (21)
2In reference [3] a contribution to the rho parameter was obtained in the approximation of retaining
only the mixed terms, ASMALW, in the mass matrix.
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with
m2W ≡
e2v2
4s2
, (22)
in analogy with the definitions (16). More details and an explicit expression for fWpp are
given in appendix A. The charged low energy effective action follows then from Eq. (20)
LeffCC = −iDˆW (0)
g22
2
J+ ·J− = − g
2
2
2m2W
J+ ·J− . (23)
The propagator of the neutral gauge bosons Nˆ = (Zˆ, Aˆ) has the form
DˆNµν(p
2) = DˆN(p2)(−gµν + pµpνfNpp) . (24)
This propagator is non-diagonal in the (Zˆ, Aˆ) space if M1 6= M2. Further details can be
found in appendix A Eq. (A.9) The neutral low energy effective Lagrangian is given by
LeffNC = −i
g22
2c2
(
Jµ TN (Dˆ
N(p2)−
(
0 0
0 1
)
i
p2
)JµN
)
p2→0
, (25)
= − g
2
2
2m2W
J2Z +
e2
2
( c2
M21
+
s2
M22
)
J2Q , (26)
with the photon pole subtracted since the photon cannot be integrated out. We have
implicitly used the notation JN = (
g2
c
JZ , eJQ). From the low energy effective interactions
(23) and (25) and the parametrisation (3) and (4) we read off the same parameters as in
Eq. (19).
2.2 Effective Lagrangian at the Z-pole
When considering experimental data collected at LEP and SLC around the Z-pole, generic
“new physics” can be parameterised by the Lagrangian
L = LSM(e, s, v) + δLnew(e, s, v, ..) . (27)
However, the parameters fitted to experimental data are not the (e, s, v) but other pa-
rameters (e0, s0, v0), which are defined using the three best measured observables α, GF
and mZ,ph mentioned at the beginning of this section. These may be written
m2Z,0 ≡ m2Z,ph = m2Z(1 + δZ) mZ =
ev
2cs
α0(mZ,ph) ≡ α(mZ,ph) = α(mZ,ph)SM(1 + δα) α(mZ,ph)SM = e
2
4π
GF,0 ≡ GF = (GF )SM(1 + δG) (GF )SM = 1√
2v2
(28)
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Using the measured values of GF , α and mZ,ph we can obtain the following three
fundamental parameters of the SM Lagrangian
e =
√
4πα(mZ,ph)
1 + δα
, v =
√
(1 + δG)√
2GF
,
s2c2 = s20c
2
0
(1 + δG)(1 + δZ)
1 + δα
, (29)
with the well-measured intermediate quantity s0 defined as
1
4
sin2(2θ0) = s
2
0c
2
0 ≡
πα(mZ,ph)√
2GFM
2
Z
, (30)
with s0 = sin(θ0) and c0 = cos(θ0). As mentioned in the introduction, the low energy ob-
servables will receive corrections due to the non-trivial relation between (s, c) and (s0, c0)
given in Eq. (29).
It is convenient to parameterise couplings of the Z to fermions in terms of the following
generalised Lagrangian [29]
LeffZ = −
e0
s0c0
∑
i
f¯iγ
µ
[(
gf,SML + δg
f
L
)
PL +
(
gf,SMR + δg
f
R
)
PR
]
fi Zµ , (31)
where PL,R are the usual left and right projection operators and
gf,SML = t
f
3 − qfs20 , gf,SMR = −qfs20 , (32)
are the tree-level SM couplings. Corrections then arise through
1. the new interactions in δLnew(e, s, v, ..) from Eq. (27),
2. on the parameters (e, s, v) via Eq. (29) due to the presence of δLnew(e, s, v, ..).
For comparison with other work, we write the effective Lagrangian
LeffZ = −
(
ρf
√
2GF
)1/2
2mZ,ph JZ ·Z , JµZ = Jµ3 − s2∗(mZ,ph) JµQ , (33)
in an alternative notation with the intermediate quantities ρf and s∗(mZ,ph). The changes
in the Z pole couplings (31) in terms of these variables are
δgfL = t
f
3(
√
ρf − 1)− qf(√ρfs2∗(mZ,ph)− s20) , δgfR = −qf (
√
ρfs
2
∗(mZ,ph)− s20) . (34)
In the following two subsections we will derive the expressions for the three Z-pole pa-
rameters, pZ pole ≡ [ρf , s2∗(mZ,ph), mZ,ph] and the W -boson mass, mW,ph in the auxiliary
field and HD formalism.
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2.2.1 Auxiliary field formalism
In the auxiliary field picture, an effective Lagrangian of the form (31) can be derived
by integrating out all the heavy neutral gauge bosons apart from the Z. This may be
accomplished by block diagonalising the mass matrixM′′B defined in Eq. (15). We find it
convenient to use the following ansatz
Q ≡
(
1 01×2
02×1 RW
) cosh(φ) sinh(φ) 0sinh(φ) cosh(φ) 0
0 0 1
 cosh(θ) 0 sinh(θ)0 1 0
sinh(θ) 0 cosh(θ)
 , (35)
which acts as B′′ → QB′′′ with Qη3Q†η3 = I as usual. The conditions for block diagonal-
isation then give two equations which can be used to relate φ and θ to M1 and M2. In
terms of xi defined in Eq. (16) we find
x1 =
(
1 +
tanh(θ)
cosh(φ)
)(
1 + f(c, s, θ, φ)
)
,
x2 =
(
1 +
tanh(θ)
cosh(φ)
)(
1 + f(s,−c, θ, φ)) , (36)
with
f(c, s, θ, φ) =
s cosh(θ) cosh(φ)
s sinh(θ)− c cosh(θ) sinh(φ) . (37)
Notice that the limit M1 =M2 corresponds to sinh(φ) = 0 (see also appendix B).
For the sake of clarity, let us state here that the combined action of the transformations
S and Q, defined in Eqs. (11) and (35) respectively, leads to an overall transformation of
Stot = S
(
1 03×1
01×3 Q
)
, (38)
onMB η4 such that
STtotMBη4Stot =
(MAZ,ph 02
02 −MA˜Z˜
)
, MAZ,ph =
(
0 0
0 m2Z,ph
)
, (39)
whereMA˜Z˜ is the mass matrix for the heavy Lee-Wick gauge bosons (A˜, Z˜) which we do
not need to diagonalize to obtain the Z-pole Lagrangian. Nevertheless, in appendix B we
have diagonalised MB completely for the special case M1 =M2 (sinh(φ) = 0).
Now, after applying the transformation B′′ → QB′′′ to the Lagrangian in Eq. (13),
the SM-like Z boson can be decoupled from the other neutral heavy LW bosons and the
effective neutral current Lagrangian takes the form
Lnc = −J 0′′ ⊤ ·QB′′′ + 1
2
B′′′ ⊤µ M′′′B η3 B′′′µ = LeffZ +
1
2
m2Z,phZ
2 + . . . (40)
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where LeffZ is defined in Eq. (33) and the three Z-pole parameters are given by
m2Z,ph = m
2
Z(1 + δZ) , δZ =
tanh(θ)
cosh(φ)
,
ρf = cosh
2(θ) cosh2(φ) (1 + δZ) ,
s2∗(mZ,ph) = s
2 (1 + δs) , δs =− c
s
tanh(φ)
1 + δZ
. (41)
We would like to emphasize here that ρf ≥ 1 can be independently3 inferred from the
low energy effective Lagrangian. Since ρ∗(0) = 1 obtained in (19) is composed of ρ∗(0) =
ρf − ρA˜f − ρZ˜f , where ρA˜(Z˜)f ≥ 0 are the analogue of ρf (ρf = ρZf in this notation) for an
A˜(Z˜) pole effective Lagrangian and the minus sign is due to the ghost nature of these
gauge boson states. Notice that from the low-energy effective Lagrangian we have
δα = 0 , δG = 0 , (42)
for the parameters defined in Eq. (28).
Finally, although not strictly a Z-pole observable, the W -boson mass can be derived
from the matrix MW . From reference [18]
m2W,ph = m
2
W
1
2
(xW −
√
x2W − 4xW ) , xW =
M22
m2W
. (43)
The m2W,ph mass can then be expressed in terms of the angles (φ, θ) via xW = x2/c
2 in
Eq. (36).
Notice that in the limit of zero Weinberg angle θW → 0 (i.e. s → 0, c → 1), which is
the limit of exact custodial symmetry SU(2)V at tree level, the physical W and Z-boson
masses unite,
m2Z(W ),ph
θW→0→ m2W (1 + tanh(θ)) (44)
to form the custodial SU(2)V isotriplet.
In section 3 we will use the expressions (34) with (41) and (43) to derive the corrections
to the electroweak precision observables. Notice that the parameter s will be expressed
in terms of the measured value s0 according to Eq. (29).
2.2.2 Higher derivative formalism
In this subsection we will show how to derive the parameters ρf [Eq. (41)] and s
2
∗(mZ,ph)
[Eq. (41)] from the HD formalism. We do not discuss the determination of mZ,W,ph
from the viewpoint of the HD formalism as they do not lead to further insight. These
3 From Eq. (41) ρf ≥ 1 with δZ ≥ 1 which follows from x1(x2) ≥ 1 + δZ which is a very mild
assumption.
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parameters are reveiled as multiplicative factors to the HD propagator DˆN(p2) (A.8).
Identifying with the parametrisation of the Z-pole effective Lagrangian (33)
lim
p2→m2
Z,ph
(−i)
[
J TN Dˆ
N(p2)(p2 −m2Z,ph)JN
]
= (J3 − s2∗JQ)2ρf (2mZ,ph)2
√
2GF︸ ︷︷ ︸
g2
2
c2
(1+δZ )
(45)
with the previously used notation J TN = (
g2
c
JZ , eJQ) and the limits
lim
p2→m2
Z,ph
(p2 −m2Z,ph)(DˆN)XY (p2) =

[cosh(φ) cosh(θ)(1 + δZ)]
2 XY = ZZ
sinh2(φ) cosh2(θ) XY = AA
cosh(φ) cosh2(θ) sinh(φ)(1 + δZ) XY = ZA
.
we obtain
ρf = cosh
2(θ) cosh2(φ)(1 + δZ) ,
s2∗(mZ,ph) = s
2(1 + δs) , (46)
in accordance with Eq. (41). The Z boson mass, or δZ (41), is given by the lowest root
of the polynomial in the denominator of the propagator (DˆN) as implicitly used in the
equation above.
The caseM1 =M2 i.e. sinh(φ) = 0 is discussed in appendix B.2 is very instructive since
it can be discussed analytically from where it is easily understood that s2∗(mZ,ph) → s2
when sinh(φ)→ 0 for instance.
2.3 LEP-2 data and the oblique parameters
At LEP-2 cross sections of the type σ(e+e− → f f¯) and forward-backward asymmetries
AfFB were measured for centre of mass energies in the range 130-209GeV, around the
Z-pole [28]. The observables are the same as those used in Z-pole measurements which
are summarized in appendix C. The LEP-2 measurements allow constraints to be set on
contact or current-current terms,
Leff = cf J2f . (47)
In the LWSM, as in many other models, such contact terms arise from integrating out
heavy gauge bosons. The current-current terms are of dimension six and it is possible to
incorporate these effects with an effective field theory to that order.
Since the LWSM belongs to the so-called universal class of models [33], its effective field
theory is described by the so-called ‘oblique’ parameters. This description incorporates
corrections due to new physics to leading order in4
ǫ =
m2W,Z
M2new
. (48)
4Reference [35] nicely describes how to extend the formalism to the case when the new physics is close
to the MZ-scale.
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It can be shown that corrections to the Z-pole observables and measurements of σ(e+e− →
f f¯) at LEP-2 [33] and to a great extent corrections to the low energy observables [34] can
be written as a set of seven parameters which are straightforward to calculate and do not
necessitate the diagonalization of the Z and W boson mass matrices.
A model is said to be universal in this context if its effective theory at the MZ scale
is described by an effective Lagrangian of the type:
Luniversal = 1
2
AaµΠ
ab(q2)Abµ + gA
a ·JaSM , (49)
where we have used q2 instead of the partial derivative for notational simplicity. The
longitudinal part O(qµqν) is omitted since it is suppressed by a factor of O(m2f/M2W )
as mentioned previously. The gauge index a runs over the electroweak gauge sector
SU(2)L×U(1)Y a = (1, 2, 3, B). As the notation suggests JaSM are the SM currents. The
fields Aa on the other hand couple to the SM states, as 〈0|Aa|AbSM〉 ∼ δab in the sense
of interpolating fields, but are in general different from the SM fields. The Lagrangian
(49) essentially corresponds to the SM Lagrangian with self energy corrections and to
non-diagonal gauge fields. The latter influences predictions only at O(ǫ2) and therefore
the interpolating fields are sufficient.
Exploiting the assumed hierarchy (48) the Π(q2) function can be expanded
Π(q2) = Π(0) + Π′(0)q2 +
1
2
Π′′(0)q4 +O(q6) , (50)
where the expansion has to be carried out to O(q4) in order to consistently account
for the contact terms (47). There are twelve parameters corresponding to all possible
combinations of {Πab(0),Π′ab(0),Π′′ab(0)} with ab ∈ {BB,B3, 33, 11}. Two are zero due
to U(1)Q gauge invariance or the masslessness of the photon and three are absorbed into
the definition of the three best measured electroweak parameters listed in Eq. (2), leaving
a total of seven parameters. As emphasized in [33] these seven parameters fall into three
classes according to (custodial, SU(2)L) symmetry
5. The first class (+,−) violates only
5 In the limit g1 → 0 the SM has a global SU(2)L×SU(2)R symmetry in the absence of a Higgs VEV.
When the latter arises the symmetry breaks down to its diagonal subgroup SU(2)V [37]. Extending this
notion to the case g1 6= 0 is in principle ambiguous. In the case where there are no additional weak
gauge bosons, such as for example technicolor, it is sensible to extend the notion to be the symmetry
that maintains m2W /(m
2
Z cos
2(θW )) = 1 [38]. It was termed custodial symmetry in honor of its protective
function. When there are additional gauge bosons it is not clear how to extend this notion. We adopt
here the classification of reference [33]. Under this notation custodial symmetry could for instance mean
that the low energy rho parameter ρ∗(0) (3), which is the ration of charged to neutral currents, remains
unity c.f. section 2.3.1. Importantly in the limit g1 → 0 an SU(2) symmetry is recovered in the LWSM,
e.g. degeneracy of the weak gauge boson masses Eq. (44). We will therefore refrain in this paper from
using the term custodial symmetry other than for this classification.
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SU(2)L symmetry
6
Sˆ =
g2
g1
Π′3B(0), X =
m2W
2
Π′′3B(0) . (51)
The second class (−,−) violates both symmetries
Tˆ =
1
m2W
(Π33(0)− Π11(0)) , Uˆ = −(Π′33(0)− Π′11(0)) ,
V =
m2W
2
(Π′′33(0)− Π′′11(0)) . (52)
The third class (+,+) does not violate any of those symmetries
Y =
m2W
2
Π′′BB(0) , W =
m2W
2
Π′′33(0) . (53)
There is no fourth (−,+) class since a violation of custodial symmetry in this context
also implies a violation of SU(2)L. Note that for an expansion up to the first order in
Π(q2) only the variables Sˆ, Tˆ and Uˆ are required which correspond to the three oblique
parameters used for Z-pole physics, c.f. [36] and references therein, up to normalisation
factors.
The fact that the LWSM corresponds to the class of universal Lagrangians is most
easily recognized in the HD formulation7 of the theory which assumes a universal form
(49) with
Πab(q2) = I2q
2 −MSM − q4M−112
Π11(q2) = q2 −m2W −
q4
M22
(54)
where a, b ∈ {B, 3} and MSM and M12 are defined in Eq. (9).
Since the LWSM neither violates SU(2)L nor custodial symmetry in the gauge boson
sector the first class (+,−)
Sˆ = 0 , X = 0 , (55)
and the second class (−,−)
Tˆ = 0 Uˆ = 0 , V = 0 , (56)
6 In the modern literature, e.g. [25], the oblique parameters solely contain contributions from physics
beyond the (minimal) SM and therefore a value for the Higgs mass has to assumed for the SM predictions.
In earlier times contribution from the Higgs and the top were sometimes also absorbed into the oblique
parameters [36].
7Of course the auxiliary field (AF) formulation can also be brought into a universal form. As em-
phasized in [33, 34] for instance the class of universal theories is somewhat larger than usually thought
of. The criterion is that only gauge bosons with SU(2)L×U(1)Y quantum numbers couple to the SM
currents. One then integrates out the linear combinations of heavy gauge bosons which do not couple to
the SM currents, which is in the LWSM, in order to bring the effective Lagrangian into a ’universal’ form.
In the AF formulation of the LWSM it is A˜-A which does not couple to the SM currents and integrating
out those degrees of freedom then exactly reproduces the HD formulation.
13
are identically zero. The only non-vanishing values are found in the third class (+,+)
Y = −m
2
W
M21
= − c
2
x1
, W = −m
2
W
M22
= − c
2
x2
, (57)
which does not violate the symmetries.
In the following three subsections we will first rederive the results of the previous
sections in terms of the oblique parameters, comment on the sign of W and Y and point
towards a gluonic constraint testable at the LHC. These three subsections can be omitted
for the reader interested in the constraints on M1,2 only.
2.3.1 Low energy and Z-pole results in terms of oblique parameters
at leading order in m2W/M
2
LW .
In this subsection we will generally not distinguish between s(c) and s0(c0) because this is
a next-to-leading order effect except when we derive the leading order difference between
s2 and s20. In order to rederive the results of sections 2.1 and 2.2 we have to express the
results directly in terms of M21,2 at leading order. We have obtained almost all the results
in these sections in terms of δZ = tanh(φ)/ cosh(θ), δs = −c/s tanh(φ)/(1 + δZ) where
(φ, θ) are the hyperbolic rotation angles linked to the LW mass scales M1 and M2 via
Eq. (36). We may rewrite the latter system of equations as
1 + δZ
x1 − (1 + δZ) = δZ −
1
t
tanh(φ) ,
1 + δZ
x2 − (1 + δZ) = δZ + t tanh(φ) , (58)
from which follows
tanh(φ) =
1 + δZ
t+ 1/t
(
1
x2 − (1 + δZ) −
1
x1 − (1 + δZ)
)
. (59)
A simple or leading order solution δZ is obtained when the xi − (1 + δZ) is replaced by
xi − 1 in the denominator of the system Eq. (58)
δZ =
(x2 − 1)t2 + (x1 − 1)
(x2 − 1)(x1 − 2)t2 + (x1 − 1)(x2 − 2) +O
(
1
x21,2
)
. (60)
Expanding in inverse powers of xi with
x1, x2 ≫ 1 , 1
x1
− 1
x2
∼ O(1) , (61)
we obtain, with δs from Eq. (41),
δZ =
c2
x2
+
s2
x1
+O
(
1
x21,2
)
,
δs = c
2
(
1
x1
− 1
x2
)[
1 +
(
1
x2
+
1
x1
)
δZ
]
+ . . . = c2
(
1
x1
− 1
x2
)
+O
(
1
x21,2
)
. (62)
14
The low energy data plow ≡ [ρ∗(0), s2∗(0), GF , CQ], Eq. (5), of a universal theory can
be found by transforming the physical parameters expressed in term of the correlation
functions, e.g., into the set of seven oblique parameters
ρ∗(0) =
1
1− Tˆ ≃ 1 + Tˆ = 1 ,
s2∗(0) = s
2 = s20
[
1 +
1
c2 − s2
(
Sˆ − c2(Tˆ +W )− s2Y + 2scX
)]
,
= s20 +
c2s2
c2 − s2
(
c2
x2
+
s2
x1
)
. (63)
We do not present expressions for GF and CQ as they do not lead to further insight
and parallel the derivation in subsection 2.1.2. In particular we choose to use GF as
an input parameter, c.f. Eq.(2). The parameters ρ∗(0) and s
2
∗(0) do indeed correspond
to the results found in Eq. (19) when taking the linearization of Eq. (29) into account,
s2 ≃ s20+c2s2/(c2−s2) δZ , with δZ found using Eq. (62). The second formula is also given
in reference [33].
The Z-pole data, pZ pole ≡ [ρf , s2∗(mZ,ph), mZ,ph] and mW,ph, can be written in terms
of oblique parameters using the expressions in reference [36],
s2∗(mZ,ph) = s
2
∗(0) +
s
c
[
(c2 − s2)X + sc(W − Y )] = s2∗(0) + s2c2( 1x1 − 1x2
)
,
m2W,ph
m2Z,ph
− c20 =
c2
c2 − s2
(
c2Tˆ − (c2 − s2)(Uˆ − V )− 2(s2Sˆ + csX) + s2(W + Y )
)
=
−c2s2
c2 − s2
( c2
x1
+
c2
x2
)
. (64)
We have again inserted the expressions for the oblique parameters in the LWSM after
the second equality sign. The expression for s2∗(mZ,ph) is correct bearing in mind that
s2∗(0) = s
2, Eq. (19), and that s2∗(mZ,ph) = s
2(1 + δs) with δs from Eq. (62). The second
equation corresponds to the Veltman rho parameter and the formula is a generalization
of an expression given in [36]. It’s verification in the context of the LWSM follows from,
m2W,ph
m2Z,ph
− c20 ≃ (s20 − s2) + c2(δW − δZ) =
−c2s2
c2 − s2 δZ + c
2(δW − δZ) = −c
2s2
c2 − s2
( c2
x1
+
c2
x2
)
,
with δW = c
2/x2 defined as m
2
W,ph ≃ m2W (1 + δW ) in Eq. (43) and the expression for δZ
in Eq. (62).
2.3.2 On the (negative) sign of W and Y
It was pointed out in reference [34] that the two point functions of the gauge bosons can
be written in terms of a Ka¨lle´n-Lehmann dispersion relation
1
Π(q2)
=
∫
cut
ds
ρ(s)
q2 − s , (65)
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where ρ(s) is the spectral function given by
ρ11(q
2) θ(q0)
(− gµν +O(qµqν)) = (2π)3∑
α
δ(4)(q − pα) 〈0|W 1µ |α〉〈α|W 1ν |0〉 , (66)
for the case a, b = 1, for example. It is then an elementary exercise to show that
Π′′(0) =
∫
cut
ds1ds2ρ(s1)ρ(s2)(s1 − s2)/(s31s32)
[
∫
cut
dsρ(s)/s]3
. (67)
Since the form of Eq. (66) suggests that ρ(s) ≥ 0, it is concluded in [34] that W,Y ≥ 0
from Eq. (67), which is indeed the case in many models. It is therefore not surprising that
in the LWSM, W,Y ≤ 0 as a consequence of the negative normed states which contribute
with a negative sign to ρ(s).
It was mentioned in reference [34] that when the SM gauge groups are embedded into
a larger group then Y and W could also turn out to be negative because ghost states
could dominate in the non-gauge invariant Π(q2).
2.3.3 A gluonic operator constraint
To order O(q4) in Eq. (50) there is also a gluonic operator [33]
Z =
m2W
2
Π′′GG(0) (68)
which is sensitive to operators of the type (DαG
a
µν)
2/2. This operator is not related to
electroweak symmetry breaking and the constraints looked at in this paper, but it can be
tested at the LHC possibly in dijet channels investigated in [16]. It is as simple as before
to make a leading order prediction in the LWSM
Z = −m
2
W
M23
, (69)
where M3 is the mass scale of the LW gluon term
δL = 1
M23
Tr
(
DˆµGˆµν
) (
DˆλGˆλ
ν
)
. (70)
3 The precision observables
As discussed in the introduction, throughout the paper we have followed the usual pro-
cedure of dividing the precison observables into 3 classes; low energy data, data collected
in e+e− collisions at the Z-resonance and data collected in e+e− collisions at LEP-2. In
this chapter we present the numerical constraints on the LW masses M1 and M2 provided
by each data-set.
Predictions for all observables are calculated by splitting each one into a SM prediction
plus a linearised correction due to the LW operators. This approximation should be valid
as long as the corrections are small, which must be the case since the quality of the SM
fit to the data is very good.
To produce the SM predictions we use the 2008 version of the GAPP code [26] with
the fixed input parameters in table 1.
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Parameter Value
mZ,ph [GeV] 91.1875
mt,ph [GeV] 172.6
mH,ph [GeV] 115
αs 0.120
∆α
(3)
had 0.00577
m̂c(µ = m̂c) [GeV] 1.290
m̂b(µ = m̂b) [GeV] 4.207
Table 1: Fixed GAPP input parameters used to produce the SM predictions used in the
χ2 fits.
3.1 Low energy
Precision constraints on the low energy Lagrangian come from several sources. We utilise
results from neutrino-nucleon and neutrino-electron scattering experiments and measure-
ments of electron-nucleon interactions made by studying atomic parity violation. The
parameterization of the low energy Lagrangian differs for each class of experiments and
the various parameters used are defined in appendix C.4. As discussed in the introduc-
tion, we do not include constraints from the anomalous magnetic moment of the muon,
(g − 2)µ since we expect the correction in the LWSM to be small compared to the SM
contribution.
The parameters ǫL,R(q), determined by neutrino-nucleon scattering, in terms of the
parameters defined in Eqs.(3) and (4), are parametrised as
ǫL(q) = ρ∗(0)
[
tq3 − qq s2∗(0)
]
,
ǫR(q) = ρ∗(0)
[−qq s2∗(0)] , (71)
where tq3 and q
q are respectively the weak isospin and electric charge of the quark q.
Experimental determinations of ǫL,R are strongly correlated and so a parameterization
in terms of g2i and θi (i = L,R) is often used (see appendix C.4). In our fits we use
experimental values provided in the 2008 particle data book [25], which are listed in
Table 2. Notice that the NuTeV result (g2L) has been adjusted to take the strange quark
asymmetry into account [27].
In the same way, the neutrino-electron scattering parameters gνeV,A and the Ciq param-
17
Quantity Experimental value SM prediction Pull [σ]
g2L 0.3010± 0.0015 0.3037 -1.8
g2R 0.0308± 0.0011 0.0300 0.7
θL 2.51± 0.033 2.46 1.4
θR 4.59
+0.41
−0.23 5.18 -1.4
gνeV −0.040± 0.015 -0.039 -0.1
gνeA −0.507± 0.014 -0.506 -0.1
C1u + C1d 0.147± 0.004 0.153 -1.5
C1u − C1d −0.604± 0.066 -0.530 -1.1
C2u + C2d 0.72± 0.89 -0.0095 0.8
C2u − C2d −0.071± 0.044 -0.062 -0.2
Table 2: Results for the various model independent parameters which describe low energy
neutral current processes (taken from [25]). The value for g2L, measured by the NuTeV
collaboration has been modified to take into account the strange quark asymmetry [27].
In fits we also include the correlations which are provided in [25]. SM predictions are
produced by GAPP using the input parameters listed in table 1.
eterizing electron-nucleon interactions can be all be written in the form
gνeV = 2ρ∗(0)
[
s2∗(0)−
1
4
]
,
gνeA = −ρ∗(0)/2 ,
C1q = −ρ∗(0)
[
tq3 − 2qqs2∗(0)
]
,
C2q = −ρ∗(0) tq3
[
1− 4s2∗(0)
]
. (72)
In our fits we use the various measured values of gνeV,A and combinations of Ciq taken from
the particle data book [25]. For clarity these are listed in Table 2.
3.2 Z-pole
The corrections (41) and (34) lead to different predictions for the set of observables mea-
sured in e+e− collisions at the Z-resonance. Final data from the combination of the LEP-1
and SLC results is provided in reference [30].
Several Z-pole observables are associated with the various Z partial widths given by
Γ(Z → f f¯) ≡ ΓfZ =
e20
24π s20c
2
0
mZ,ph
(
gf 2L + g
f 2
R
)
, (73)
at tree-level when fermion masses are neglected. We can write Eq.(73) in terms of the
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usual SM prediction plus a linearised correction solely due to δgfL,R.
ΓfZ = Γ
f,SM
Z
1 + 2
(
gf,SML δg
f
L + g
f,SM
R δg
f
R
)
(
gf,SML
)2
+
(
gf,SMR
)2
 . (74)
The predictions for the observables Re,µ,τ , Rc,b and σ
peak
f , which are all defined in Appendix
C, can now be written down using Eqs.(34) and (74).
Other Z-pole observables are defined from various asymmetries in the cross-sections for
e+e− → f f¯ measured at the Z resonance. These asymmetries are defined in Appendix C
in terms of the parameter Af which is defined in Eq. (C.13).
Just as for the partial Z widths, Af can be expanded in terms of a SM prediction plus
a linearised correction due to δgfL,R
Af = ASMf +
4gf,SML g
f,SM
R[(
gf,SML
)2
+
(
gf,SMR
)2]2 (gf,SMR δgfL − gf,SML δgfR) . (75)
We also include the W mass, mW,ph, in the fit to the Z-pole data. The expression for
mW,ph in Eq. (43) can be expressed in terms of a M
SM
W defined from the measured input
parameters (e, s0) and the corrections due to the LWSM as follows
m2W,ph = m
2
W (1 + δW ) = (M
SM
W )
21 + δW
1 + δs0
, (76)
with
MSMW =
ev
2s0
, δW =
2
x˜+
√
x˜2 − 4 , x˜ ≡
(x2
c2
− 2
)
,
s2 = s20(1 + δs0) , δs0 =
c2
c2 − s2 δZ , (77)
where x2 is defined in Eq. (36) and the relation in the last line is the linear approximation
of Eq. (29) with (42).
For clarity, in Table 3 we list the set of LEP-1 and SLC observables used in our fit to
the Z-pole data. We use the results obtained by assuming lepton universality. Ab,c are
measured from left-right-forward-backward asymmetries, c.f. (C.8) and (C.12), at SLC
and A
(pol)
τ is a combination of Ae and Aτ , c.f. (C.9) (C.10) and (C.12), measured using
the tau polarisation at LEP. Ae(AfLR) is a combination of measurements of Ae,µ,τ at SLC,
which are found to be consistent with lepton universality [30]. The average is dominated
by the result from hadronic final states, e.g. [25].
3.3 LEP-2
As discussed in section 2.3, we include constraints from LEP-2 data by making use of
the formalism of oblique corrections. Among the seven oblique parameters only three
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Quantity Experimental value SM prediction Pull [σ]
ΓZ [GeV] 2.4952± 0.0023 2.4956 -0.2
σpeakf [nb] 41.540± 0.037 41.476 1.7
Rℓ 20.767± 0.025 20.744 0.9
Rb 0.21629± 0.00066 0.21580 0.7
Rc 0.1721± 0.0030 0.1723 -0.1
A
(τ)
pol 0.1465± 0.0033 0.1463 0.0
Ae(AfLR) 0.1513± 0.0021 0.1463 2.4
Ab 0.923± 0.020 0.935 -0.6
Ac 0.670± 0.027 0.667 0.1
AℓFB 0.0171± 0.0010 0.0161 1.0
AbFB 0.0992± 0.0016 0.1026 -2.1
AcFB 0.0707± 0.0035 0.0733 -0.7
mW,ph 80.398± 0.025 80.364 1.4
Table 3: Data collected at the Z resonance by LEP and SLC, taken from [30]. In the
numerical fitting we also use the correlations provided by [30]. The latest W mass combi-
nation is also included in our fit where we use the March 2008 Electroweak Working Group
combined result [31]. SM predictions are produced by GAPP using the input parameters
listed in table 1.
X,W and Y are relevant since the S, T and U can be exchanged into the three Altarelli &
Barbieri parameters ε1,2,3 [33] which are already constrained to be small from LEP-1/SLC
and the variable parameter V is not relevant for Z and γ exchanges measured at LEP-2.
Numerically, we use constraints on the X,Y and W parameters provided in [33] which we
repeat here for completeness,
X = (−2.3± 3.5) · 10−3 ,
Y = (+4.2± 4.9) · 10−3 ,
W = (−2.7± 2.0) · 10−3 , (78)
with correlation matrix
ρ =
 1 −0.96 +0.84−0.96 1 −0.92
+0.84 −0.92 1
 . (79)
Using the results from Eq. (54), notice that at tree level in the LWSM we have X = 0
(due to the symmetry properties of the operators added in the LWSM). The W and Y
parameters are however non-zero and are given by Eq. (57).
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3.4 Numerical Results
Using the results of the preceeding sections, we perform various 2-parameter χ2 fits of the
data to the LWSM by varying the LW masses M1 and M2. In Figure 1 we show the 90%
and 99% C.L. exclusion contours (2 dof) for individual fits to each dataset. We plot the
contours on the 1/M1 vs. 1/M2 plane which has the SM limit (M1 → ∞ and M2 → ∞)
at a single point in the bottom left corner. The best fit points are also marked for each
dataset.
For the low energy data, the minimum χ2 lies away from the SM, with a marginally
lower χ2 such that χ2/dof = 11.2/(10−2) = 1.4, compared to the SM which has χ2/dof =
11.3/10 = 1.1. This is not the case for the much more sensitive Z-pole data which have
a minimum χ2 located at the point corresponding to the SM.
Figure 1 clearly shows that the low energy data more tightly constrain M2 than M1.
The reason for this can be seen in Eq. (63), where the correction to s2∗(0) is more sensitive
to x2 ∼ 1/M2 than x1 ∼ 1/M1 by a factor of c2 versus s2.
The χ2 fit to the Z-pole data could have been performed indirectly by using the
constraints on the oblique parameters W and Y which come from Z-pole data whilst the
other oblique parameters are set to zero. We have checked that virtually identical results
can be obtained in this way by using the numerical constraints provided in [33]8.
From Figure 1 we clearly see that the LEP-2 data provide less stringent constraints
on the LW masses than the Z-pole data9. They show a minimum away from the SM
corresponding to M1 →∞ and M2 ≃ 2.6 TeV.
In Figure 2 we invert these plots to show the 90 and 99% C.L. excluded regions on
the M1 vs. M2 plane. The constraints from the low energy data are not shown as it is
clear from Figure 1 that these data only very weakly constrain the model. The tightest
constraints come from the Z-pole data, however they still potentially allow the LW mass
M2 to be as low as M1 ≃ 2 TeV if the other LW mass is M1 >∼ 6 TeV. For the case
M1 ≃ M2 the mass scale M1 ≃ M2 <∼ 3 TeV is excluded at 99% C.L. by the Z-pole data
alone.
As the LW masses are lowered, the observables which are most problematic to the
fit are the left-right asymmetry AeLR and the W mass. At M1 = M2 = 3 TeV these
observables produce pulls of 3.5σ and 2.4σ respectively. It is interesting to note that
these observables also induced sizable pulls in the SM fit. In fact, they are averages of
several individual measurements and in the case of the W -mass, the measurements from
lepton and hadron colliders are only just consistent [31] 10. It is a curious issue that if only
8To obtain complete agreement between the different approaches one must use the same set of inputs
to generate the SM predictions. We show plots for input parameters which differ slightly from those used
in [33], for example we use the recently updated average of the top quark mass uncertainty[39]
9As the constraints on W and Y are taken from [33] in which the SM input parameters differ slightly
to ours, the curves should not strictly be compared. However we have verified that, for the same input
parameters, the LEP-2 data are less constraining than the Z-pole results.
10A strategy to improve on the measurement of W observables, by varying the beam energy, at the
LHC has been put forward in reference [32].
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Figure 1: (a) The 1/M1 vs. 1/M2 plane showing the results of 2 parameter χ2 fits to each
dataset (low energy, Z-pole and LEP-2). The SM limit is the bottom-left corner. 90 and 99%
C.L. exclusion contours (2 dof) are shown. (b) The 1/M1 vs. 1/M2 plane showing only the
more constraining Z-pole and LEP-2 fits.
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Figure 2: TheM1 vs. M2 plane showing the results of the 2 parameter χ2 fits to the (a) Z-pole
and (b) LEP-2 data. 90 and 99% C.L. exclusion contours (2 dof) are shown in each case.
the LEP-2 determination was used then the W -mass would fit better in both the SM and
the LW extension. There exists a similar situation for the Ae(AfLR) which is an average
(assuming lepton universality) of several results obtained at the SLC. The result for Ae
obtained from hadronic final states is quite large when compared to the determinations
23
of Aµ,τ and determination of Ae from the measurement of A(τ)pol [30]. It furthermore has
quite a small error, the effect of which is to pull the average for Ae(AfLR) away from the
SM prediction, and consequently makes the fit to the LWSM worse.
In light of this information, it is tempting to remove the problematic data from the fit.
For example, if the χ2 fit is performed without both the TeVatron W -mass determination
and theAe(AfLR) from SLC then the bounds on the LW masses are weakened. The new fit
has a minimum away from the SM, at approximately M1 ≃ 3.3 TeV and M2 ≃ 8.3 TeV.
The 90 and 99% C.L. exclusion contours then look rather similar to the LEP-2 constraints
and we find that M1 =M2 ≃ 2.1 GeV is not excluded at 99% C.L.
4 Conclusions
We have analysed the constraints on the LWSM coming from electroweak precision data.
We have derived effective electroweak Lagrangians adequate for low energy and the Z-
pole (LEP-1/SLC) measurements to all orders in the LW masses at tree level. We have
assessed the fit to the LEP-2 data within the oblique approximation. The only non-zero
oblique parameters are Y = −m2W /M21 and W = −m2W /M22 [Eq. (57)]. All other oblique
parameters, (Sˆ, X) and (Tˆ , Uˆ , V ), are found to be zero at the tree level. Our work differs
from previous [24] and later work [41] by including effects of contact terms. We find
that the latter are of leading order and therefore indispensable as shown in a separate
addendum. We have uncovered the negative sign of W and Y as a consequence of the
ghost nature of the model, c.f. subsection 2.3.2. In subsection 2.3.1 we have rederived the
parameters in the low energy and Z-pole Lagrangians in terms of the oblique parameters
in the leading mW/M
2
1,2 approximation.
By performing a χ2 fit we have produced 90% and 99% C.L. exclusion plots forM1 and
M2 which are shown in Fig. 1 (Left). The low energy constraints are considerably weaker
than the ones from LEP-1/SLC and LEP-2. Degenerate LW masses M1 = M2 ≃ 3TeV
are excluded at the 99% confidence level. Somewhat lower values M2(M1) ≃ 2(2.5)TeV
are possible when one of the mass scales assumes a very large value.
Studies of Z ′ models [40] would suggest that the resonance like structures of the LW
degrees of freedom could be seen at the LHC for masses of up to∼ 5TeV, for an integrated
luminosity of 100 fb−1. On the other hand, the relatively high bounds on the masses point
towards the little hierarchy problem, which expresses the dilemma that electroweak data
requires typically a light Higgs and sets strong bounds on new degrees of freedom, which
were themselves introduced to cure the hierarchy problem. We would like to point out the
similarity between the LWSM and models with gauge bosons propagating in a flat extra
dimension [33]. Just as in the LWSM, these models do not violate the first two symmetry
classes (+,−) and (−,−), described in section 2.3, and therefore the only possible non-
vanishing oblique parameters at tree level are W = Y = (g2vπR)
2/6 = 2/3π2m2W/M
2
KK
(where R is the radius of the extra dimension and MKK is the mass of the first KK
mode). The difference between the LWSM and this situation is that W,Y are positive
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rather than negative and this inverts the role of LEP-2 and LEP-1/SLC data in terms of
their constraining role, as can be inferred from the (W,Y ) plot in reference [33].
The question of whether quantum field theories of the LW type are consistent or not
is interesting independently of their phenomenological aspects. Does the contour defor-
mation [7] lead to a unitary perturbation theory? Is this eventually at the cost of Lorentz
invariance [8]? Does microscopic acausality not lead to macroscopic paradoxes? [6]. It is
very encouraging that these questions have a positive answers within perturbation theory
in the O(N) model in the large N limit [10]. On to other hand, one might also speculate
as to whether the LWSM is only an effective description of a theory — potentially with
effects which can already be felt by the electroweak precision data investigated in this
paper.
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Addendum
After this work appeared, a further article, [41] was submitted to arXiv agreeing with the
approach of reference [24]. The results of these works differ numerically and conceptually
from ours since non-negligible contact terms are omitted.
Before entering into greater detail we would like to emphasize that our results for the
oblique parameters, which rely on an expansion in m2W,Z/M
2
LW, are backed-up by an exact
treatment of the tree-level low-energy and Z-pole effective Lagrangians i.e. our results
have also been obtained completely independently of any oblique formalism.
The well-known oblique formalism, as described by Peskin & Takeuchi [36], is suitable
for constraining so-called universal models, where all new physics contributions to preci-
sion measurements can be described by modifications of the SM gauge boson self energies.
The LWSM in the auxiliary field formalism does not belong to this class since there are
extra weak gauge bosons of the LW type. In recent years it was realized that theories
of this kind can be brought into a universal form if these additional weak gauge bosons
couple to the SM fermions in terms of the usual JµY and J
µ
a only. This is achieved by
integrating out the linear combination of the SM and additional gauge bosons that does
not couple to JµY and J
µ
a , thus avoiding the generation of contact terms (Leff ∼ J2Y,a).
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In cases like this the new physics can be described by 4 leading parameters11, Sˆ, Tˆ ,W, Y ,
plus 3 sub-leading parameters, X, Uˆ , V . The additional parameters can be seen at the
price for taking the contact terms consistently into account. For a concise review on this
subject, with many working examples, we refer the reader to Barbieri et al. [33].
The relation between the formalism presented in Barbieri et al [33] and the on-shell
formalism used by Peskin & Takeuchi (plus possible contact terms) is worked out in a
transparent manner in [42], from where we reproduce the following formulae:
Sˆ =
1
4s2
(
αS + 4c2 (∆ρ∗(0)− αT ) + αδ
c2
)
, (80)
Tˆ = ∆ρ∗(0) , (81)
W =
αδ
4s2c2
, (82)
Y =
c2
s2
(∆ρ∗(0)− αT ) , (83)
or inverted,
αS = 4s2
(
Sˆ − Y −W
)
, (84)
αT = Tˆ − s
2
c2
Y , (85)
αδ = 4s2c2W , (86)
∆ρ∗(0) = Tˆ , (87)
with ∆ρ∗(0) ≡ ρ∗(0) − 1, c.f. Eq. (3) in our notation. The quantities δ ∼ W and
(∆ρ − αT ) ∼ Y parameterize the effects of the charged and neutral current contact
terms; c.f formulae (2.9) and (2.10) in reference [42].
In references [24, 41] only the LW gauge bosons were integrated out and it was assumed
that the contact terms are negligible. This is explicitly stated in section III of reference
[24]. In reference [41] the same effective action is obtained, from where identical results
to [24] follow12.
Using the results obtained in this paper and Eqs. (82) and (83) it is apparent that the
contact terms are of leading order and are therefore not negligible. This can be seen for
instance from the rho parameter ρ∗(0) = 1 + ∆ρ∗(0) which is equal to one in our paper
with Tˆ = 0 (56), but with the un-modified Peskin & Takeuchi formalism ρ∗(0) = 1 + αT
11 Carets are used to distinguish the Barberi et al. Sˆ and Tˆ parameters from the older S and T
parameters.
12Note that in reference [41] the special case of M1 → ∞ is considered and S and T are presented in
that limit. Nevertheless it is stated that they agree with [24] when M1 is kept finite.
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[c.f. [36] Eq. (3.13)] it apparently receives a leading order correction since T ∼ m2W/M2LW
as we shall see below.
Besides low energy physics such as ρ∗(0), the contact terms also affect Z-pole physics
in an indirect way through a shift in GF which in turn modifies the extraction of the
Weinberg angle, e.g. in Eq. (30) or Eq. (3.4) in [36].
In the LWSM, using the formulae (84) and (85), the relations between S and T in
the Peskin & Takeuchi formalism and Sˆ, Tˆ ,W, Y in the Barbieri et al formalism can be
illustrated, allowing a cross-check of the calculations. It is found that
S
∣∣∣
Eq. (84)
=
4s2
α
(
m2W
M21
+
m2W
M22
)
= 4πv2
(
1
M21
+
1
M22
)
, (88)
T
∣∣∣
Eq. (85)
=
s2
c2α
m2W
M21
= πv2
g21 + g
2
2
g21
1
M21
, (89)
which does indeed agree with the results of reference [24] Eqs. (7) and (8) and reference
[41] in the limit M1 →∞.
The crucial point, and thus the problem with the results of references [24] and [41], is
that the constraints on S and T from, for example, the LEP Electroweak Working Group
will be produced assuming that the 4-fermion contact terms, parameterized by W (82)
and Y (83), are absent or negligible. The important point is that the relations between S
and T and the experimental observables will be modified by the non-zero W (82) and Y
(83) parameters [or equivalently the non-zero values of δ, Eq. (86), and (∆ρ∗(0)− αT )].
Constraining the LWSM with S and T a la Peskin & Takeuchi is therefore unsuitable,
and the cause of our differences with references [24] and [41].
A W,Z,A propagators in the HD formalism
The LW W -propagator in the HD picture can be derived by taking into consideration the
additional kinetic term of the gauge field
δL = 1
M22
Tr[(DˆWˆ )2µ] , (A.1)
and the Higgs field
δL = − 1
M2H
Dˆ2Hˆ(Dˆ2Hˆ)† . (A.2)
We also introduce a standard Rξ gauge fixing term
13
Lgf = − 1
2ξ
(∂ ·Aˆ)2 . (A.3)
13The gauge fixing term is actually not needed as long as the Higgs VEV is non zero. Omitting it
simply corresponds to the unitary gauge ξ →∞.
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The propagator can then be derived in a straightforward way and is eventually given by
DˆWµν =
i
p2 −m2W − p4/M22
(
− gµν + pµpνfWpp
)
, (A.4)
with
fWpp =
M22 ((1− ξ)M2H + ξm2W ) +M2Hp2
M22M
2
Hp
2 +m2WM
2
2 (p
2 −M2H)ξ
, (A.5)
wheremW is defined in Eq. (22). The propagator reduces to the LW gauge field propagator
as given in Eq. (24) of reference [3] in the limit,
lim
m2
W
→0
fWpp =
1− ξ
p2
+
ξ
M22
, (A.6)
where the Higgs VEV vanishes. Moreover, in the LW decoupling limit,
lim
M2
H
,M22→∞
fWpp =
(1− ξ)
p2 − ξm2W
, (A.7)
the propagator reduces to the standard SM W -propagator.
For M1 = M2, the Z-propagator is the same as the W -propagator with the simple
replacement mW → mZ ≡ (g2v/2)/c. If M1 6= M2 then the (Wˆ3, Bˆ) system cannot be
simultaneously diagonalised. The propagator in the (Zˆ, Aˆ)-basis is given by
DˆNµν(p
2) = DˆN(p2)
(−gµν + pµpνfNpp) , (A.8)
where
DˆN(p2) = i(Γ−1) , fNpp = I2 − (I2 −X)−1 ,
Γ = p2I2 −m20 − p4RTWM−2RW ,
X =
[
I2 − Γ−1m20
(
1− p
2
M2H
)]
− 1
ξ
[
I2 − Γ−1
(
Γ− I2p2
)]
, (A.9)
with
m20 =
(
m2Z 0
0 0
)
, M−2 =
(
1/M22 0
0 1/M21
)
, (A.10)
and RW defined as in Eq. (11). We will not give the explicit form of the matrix Γ
−1 but
only the relevant low energy limits
limp2→0 (−i)
(
DˆN
)
ZZ
= − 1
m2Z
, (A.11)
limp2→0 (−i)
(
DˆN
)
AA
− 1
p2
=
(
c2
M21
+
s2
M22
)
, (A.12)
limp2→0 (−i)
(
DˆN
)
ZA
= 0 . (A.13)
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Note that the photon pole was explicitly subtracted from Eq. (A.12). The (Z,Z) compo-
nent Eq. (A.11) is the same as in the SM, whereas the (A,A) component has the expected
additional massive particle contribution in addition to the photon which contributes to
the low energy effective Lagrangian. The non-diagonal contribution Eq. (A.13) vanishes
in the low energy limit. All terms in the non-diagonal part are of course proportional to
M21 −M22 .
We have given the formal expression for the matrix fNpp related to the pµpν structure
only for completeness. The low energy limits are smooth and do not affect the order
O(mfmf ′/m2W,ph) supression.
B The degenerate case M1 = M2
When the LW masses, M2 and M1, of the SU(2)L and U(1) gauge fields are equal matters
become analytically tractable.
B.1 Mass matrix diagonalisation
The heavy neutral gauge boson mass matrix, denoted by
MB′′′′ =
m
2
Z,ph 0 0
0 −m2
A˜,ph
0
0 0 −m2
Z˜,ph
 , (B.1)
can be diagonalised by the transformation defined in Eq. (35) with
φ = 0 ⇒ x ≡ M
2
m2Z
= (1 + tanh(θ))
(
1 +
1
tanh(θ)
)
, (B.2)
with masses
m2Z,ph
m2Z
= 1 + tanh(θ) =
1
2
(
x−
√
x(x− 4)
)
,
m2
A˜,ph
m2Z
= (1 + tanh(θ))
(
1 +
1
tanh(θ)
)
= x ,
m2
Z˜,ph
m2Z
= 1 +
1
tanh(θ)
=
1
2
(
x+
√
x(x− 4)
)
. (B.3)
We have denoted x ≡ x1 = x2 in the degenerate limit. Its analytical expression is the
φ→ 0 limit of the expression given in Eq. (36). The value forM2Z in Eq. (B.3) is of course
the limit of the general expression forM2Z given in Eq. (41). The combined transformation
S ·Q (c.f. Eqs.(11) and (35)) is used to parameterize the diagonalization and φ = 0 if and
only if M1 =M2 which is due to the fact that in this case the transformation
S ′ = RW ⊗ I2 ,
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decouples or diagonalizes the photon and the LW photon immediately. This leaves behind
a reduced 2× 2 matrix which is then diagonalized by the single hyperbolic rotation angle
θ. This system is then algebraically identical to the W system discussed in Chapter 2.4.2
in [18] for instance.
B.2 The Z-pole effective Lagrangian in the HD formalism
The purpose of this subsection is to derive the Z-pole effective Lagrangian (the same as in
section 2.2.2) in a simpified and therefore more transparent setup. For the case M1 =M2
the higher deriavtive propagator can be diagonalized in the (Zˆ, Aˆ) space c.f. appendix A.
The couplings of the gauge boson to the currents are left unchanged up to corrections of
order O(m2f/M2f ). The Weinberg angle keeps its original meaning and this leads to the
prediction
s2∗(mZ,ph) = s
2 ,
which is indeed verified in the limit φ → 0 c.f. Eq. (41). We will uncover the parameter
ρf as a multiplicative factor to the standard propagator. The scalar HD propagator [18]
reads
Dˆ(p2) =
i
p2 − p4/M2 −m2 =
−iM2
(p2 −m2ph)(p2 −M2ph)
. (B.4)
The analogue of the matching equation (45) for ρf in the case M1 =M2 then looks like
lim
p2→m2
Z,ph
(−i)Dˆ(p2) (p2 −m2Z,ph) = ρf (4m2Z,ph√2GF) c2g22︸ ︷︷ ︸
1+δZ
. (B.5)
This leads to
ρf (1 + δZ) =
−M2
m2Z,ph −m2Z˜,ph
=
m2
Z˜,ph
+m2Z,ph
m2
Z˜,ph
−m2Z,ph
=
x√
x(x− 4)
=
2 + tanh(θ) + tanh(θ)−1
tanh(θ)− tanh(θ)−1 = cosh
2(θ)(1 + tanh(θ))2 , (B.6)
where we have used used Eq. (B.3) in transforming it to its final form. This leads to
ρf = cosh
2(θ)(1 + tanh(θ)) , (B.7)
in accordance with Eq.(41) in the limit φ→ 0. The factor ρf(1+ δZ) is in fact the scaling
factor due to hyperbolic rotations. In reference [18] we have denoted it by s(A−A˜)2 and
indeed
s(Z−Z˜)2 ≡
1 + r2Z
1− r2Z
= ρf (1 + δZ) , (B.8)
with the notation rZ ≡ mZ,ph/mZ˜,ph and using Eq. (B.6). In the simplified case M1 =M2
discussed here it is most transparent that ρf ≥ 1 in Eq. (B.7) since it is easily deduced
from Eq. (B.3) that 1 + tanh(θ) takes values in the range [2, 1[ when x is constrained to
be in its allowed region [4,∞[.
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C Z pole observables
In this appendix we define the Z-pole observables used throughout section 3 to constrain
the mass scales of the LW electroweak gauge boson masses. The Z-pole observables are
defined from the decay rates of the Z boson and various asymmetries in the cross section
for e+e− → f¯f at a centre of mass energy equal to the mass of the Z boson.
C.1 Ratios of decay rates
The ratios Rf , which are a direct extension of the famous R function to the Z pole, are
defined from the decay rates
ΓfZ ≡ Γ(Z → f¯ f) and ΓhadZ =
∑
f=u,d,s,c,b
Γ(Z → f¯ f) , (C.1)
where the tree level expression for the rate has been given in Eq. (73). The leptonic ratios
Re,µ,τ and the quark ratios Rc,b are given by
Re,µ,τ =
ΓhadZ
Γe,µ,τZ
, Rc,b =
Γc,bZ
ΓhadZ
. (C.2)
The total Z decay rate is given as the sum of the leptonic and hadronic rate
ΓZ = Γ
l
Z + Γ
had
Z + 3Γ
ν¯ν
Z . (C.3)
C.2 Cross-sections & Asymmetries
C.2.1 General defintions
Introducing the following shorthand notation for the cross section for e+e− → f¯ f
σf ≡ σ(e+e− → f¯ f) , (C.4)
the peak cross section is simply the cross section at a centre of mass energy equal to the
Z boson mass
σpeakf = σf(s = m
2
Z,ph) . (C.5)
It is possible to define five types of asymmetries by combining cross sections for events
in the forward and backward hemispheres, and events with differing initial and final state
polarizations in all possible ways. The forward backward asymmetry,
AfFB ≡
σfF − σfB
σfF + σ
f
B
, (C.6)
is defined as the normalized difference of the cross-sections for the electron-like fermion
going into the forward and backward hemispheres.
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The polarization of the initial state electron is used to define the left-right asymmetry,
ALR ≡ σ
f
L − σfR
σfL + σ
f
R
, (C.7)
as the normalized difference of the cross-sections for scattering with left and right handed
electrons. These two asymmetries can also be combined into,
AFBLR ≡ (σF − σB)
f
L − (σF − σB)fR
(σF − σB)fL + (σF − σB)fR
, (C.8)
the forward backward left-right asymmetry. We have assumed maximal polarization in
Eqs. (C.7) and (C.8) c.f. for example [30] Eqs. (1.58) and (1.59) for more details.
If the polarization of the final state can be measured, as it was possible at the SLAC
large detector (SLD) with τ leptons, then an analoguous asymmetry can be defined for
them as well. The final state left right asymmetry is defined
Aτrl ≡ A(τ)pol ≡ 〈Pτ〉 ≡
στr − στl
στr + σ
τ
r
, (C.9)
and the forward backward asymmetry is defined
ApolFB ≡
(σr − σl)τF − (σr − σl)τB
(σr − σl)τF + (σr − σl)τB
. (C.10)
C.3 Results at the Z-pole
At the Z-pole the asymmetries and the peak cross sections assume a very simple form,
since we can neglect photon-photon and Z-photon exchange terms. The peak cross section
is simply given by
σpeakf =
12π
m2Z,ph
ΓeZΓ
f
Z
Γ2Z
. (C.11)
Working at tree level and with zero fermion masses the observables are
AfFB =
3
4
AeAf
AfLR = Ae
AfFBLR =
3
4
Af
〈Pτ〉 = −Aτ
ApolFB = −
3
4
Ae , (C.12)
with the notation,
Af ≡ (g
f
L)
2 − (gfR)2
(gfL)
2 + (gfR)
2
. (C.13)
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C.4 Low energy observables
Low energy electroweak processes particularly sensitive to new physics are ν-nucleon and
ν-electron scattering and parity violating electron-hadron interactions parameterized by
the following effective Lagrangians [25]
LνN = −GF√
2
(ν¯ν)V−A
∑
q=u,d
(
ǫL(q)(q¯q)V−A + ǫR(q)(q¯q)V+A
)
,
Lνµe = −GF√
2
(ν¯ν)V−A
(
gνeV (e¯e)V − gνeA (e¯e)A
)
,
Leq = GF√
2
∑
q=u,d
(
C1q(e¯e)A(q¯q)V + C2q(e¯e)V (q¯q)A
)
. (C.14)
The parameters of the deep inelastic neutrino scattering Lagrangian ǫL(R)(u(d)) are deter-
mined from ratios of cross sections such as the Llewellyn-Smith ratio, Rν or the Paschos
Wolfenstein ratio, R− [25]. However, instead of the ǫL(R)(u(d)), we will use the following
equivalent but less correlated set parameters
g2L ≡ ǫ2L(u) + ǫ2L(d) , g2R ≡ ǫ2R(u) + ǫ2R(d) , (C.15)
and the isospin breaking parameters
θL(R) ≡ tan−1
(ǫL(R)(u)
ǫL(R)(d)
)
, (C.16)
obtained from fits to the data. Information on the parameters θL(R) can be obtained by
varying the isoscalarity of the nucleon target.
The parameters geνV (A) are obtained from νµe→ νµe scattering [25] which is transmitted
by a t-channel Z boson at leading order.
There are many types of experiment determining the various linear combinations of
the coefficients C(1,2)(u,d) such as polarization experiments of eL(R)N → eX, eL(R)D → eX
or measuring the admixture of a P wave contribution to the 6s ground state of Cesium
[25].
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